Diets high in fat are associated with an increased risk of prostate cancer, although the molecular mechanism is still unknown. We have previously reported that arachidonic acid, an omega-6 fatty acid common in the Western diet, stimulates proliferation of prostate cancer cells through production of the 5-lipoxygenase metabolite, 5-HETE (5-hydroxyeicosatetraenoic acid). We now show that 5-HETE is also a potent survival factor for human prostate cancer cells. These cells constitutively produce 5-HETE in serum-free medium with no added stimulus. Exogenous arachidonate markedly increases the production of 5-HETE. Inhibition of 5-lipoxygenase by MK886 completely blocks 5-HETE production and induces massive apoptosis in both hormone-responsive (LNCaP) and -nonresponsive (PC3) human prostate cancer cells. This cell death is very rapid: cells treated with MK886 showed mitochondrial permeability transition between 30 and 60 min, externalization of phosphatidylserine within 2 hr, and degradation of DNA to nucleosomal subunits beginning within 2-4 hr posttreatment. Cell death was effectively blocked by the thiol antioxidant, N-acetyl-L-cysteine, but not by androgen, a powerful survival factor for prostate cancer cells. Apoptosis was specific for 5-lipoxygenase-programmed cell death was not observed with inhibitors of 12-lipoxygenase, cyclooxygenase, or cytochrome P450 pathways of arachidonic acid metabolism. Exogenous 5-HETE protects these cells from apoptosis induced by 5-lipoxygenase inhibitors, confirming a critical role of 5-lipoxygenase activity in the survival of these cells. These findings provide a possible molecular mechanism by which dietary fat may influence the progression of prostate cancer.
Cancer of the prostate is the most commonly diagnosed malignancy among men in the United States and Europe, killing thousands every year (1) . Metastatic prostate cancer responds initially to androgen withdrawal therapy, but hormone resistance always develops (2) . Chemotherapeutic agents currently available have little or no impact on the survival of the patients with hormone-refractory prostate cancer. For this reason, metastatic prostate cancer almost always has a fatal outcome. Although the incidence of the localized, latent form of prostate cancer is the same globally regardless of ethnic origin, there is significant variation in the occurrence of metastatic disease between Western countries and Eastern countries, suggesting involvement of environmental factors in metastatic progression. The underlying molecular mechanism involved in the progression phase of the disease is an active area of current research.
Epidemiological studies and experiments with animal models have repeatedly suggested a link between fat content in the diet and the risk of metastatic prostate cancer (3) (4) (5) (6) . In addition, there are now multiple studies on prostate cancer cell lines, suggesting a role for arachidonic acid and its precursor, linoleic acid, in prostate cancer growth and metastasis (7) (8) (9) . Recently, we have documented that arachidonic acid can directly stimulate in vitro growth of both hormone-responsive and -nonresponsive human prostate cancer cells, which suggests a causal link between dietary fat and prostate cancer progression (10) . Despite these reports, the underlying molecular mechanism by which arachidonic acid may contribute to the progression of advanced prostate cancer remains obscure.
Arachidonic acid can be metabolized to produce a host of proinflammatory substances, called eicosanoids, that act as potent autocrine and paracrine regulators of cell biology (11) . These substances are known to modulate diverse physiologic and pathologic responses, including growth and invasiveness of tumor cells as well as suppression of immune surveillance (12) (13) (14) . Release of arachidonic acid and formation of eicosanoids have also been implicated in the action of a number of cytokines, including epidermal growth factor, platelet derived growth factor, and bombesin (15) (16) (17) (18) . The specific eicosanoid responsible for mitogenesis varies with the cytokine and the cell lineage involved, and has included prostaglandin E2 (PGE2) as well as several lipoxygenase products.
In addition to their role in regulating mitogenesis, various eicosanoids can either trigger or block apoptosis. As with mitogenesis, the specific eicosanoid involved in triggering or blocking apoptosis is cell lineage-dependent. For example, synthesis of PGE2 plays a central role in the apoptosis required for egg release during ovulation (19) . In contrast, PGE2 blocks activationinduced apoptosis in CD4 ϩ ͞CD8 ϩ T lymphocytes (20) . In addition, both FAS and tumor necrosis factor receptor activation are associated with arachidonic acid release and eicosanoid formation in certain cell lineages (21) . A recent paper showed that arachidonic acid suppresses ceramide-induced cell death in prostate cancer cells and that this suppression depends on formation of lipoxygenase products (22) . Previously, we have demonstrated that arachidonic acid stimulates mitogenesis of human prostate cancer cells in vitro. This mitogenesis is blocked if further metabolism of arachidonic acid through 5-lipoxygenase is interrupted. Moreover, MK886, a specific inhibitor of 5-lipoxygenase, not only blocked the growth stimulation by arachidonic acid but, at a concentration of 10 M, killed more than 90% of the cells in culture (10) .
Based on this background information, we investigated the role of arachidonic acid metabolism in the survival of human prostate cancer cells. We report here that prostate cancer cells constitutively produce 5-HETE (5-hydroxyeicosatetraenoic acid), a product of arachidonate 5-lipoxygenase, in serum-free medium with no external stimulus. Moreover, 5-HETE production is dramatically increased following addition of exogenous arachidonic acid.
Inhibition of 5-lipoxygenase blocks 5-HETE production and induces massive apoptosis in both hormone-responsive and -nonresponsive human prostate cancer cells. Finally, this apoptosis is prevented by simultaneous addition of the 5-HETE series of arachidonic acid metabolites, indicating a critical role of these metabolites in the survival of human prostate cancer cells.
MATERIALS AND METHODS
Cell Culture and Reagents. PC3 and LNCaP human prostate cancer cells (both from American Type Culture Collection) were cultured in RPMI medium 1640 supplemented with 10% fetal bovine serum (FBS) plus 100 g͞ml streptomycin and 100 units͞ml penicillin. Cells were fed with fresh medium every third day and split at a confluence of Ϸ80%. Fatty acids and eicosanoids were bought either from Cayman Chemicals (Ann Arbor, MI) or Cascade Biochem Limited (Berkshire, U.K.). Inhibitors of eicosanoid biosynthesis were obtained from Biomol (Plymouth Meeting, PA). Rhodamine-123, Mitotracker Red, and Hoechst 33342 were purchased from Molecular Probes.
Membrane Morphology. Prostate cancer cells (3 ϫ 10 5 ) were plated in 60-mm tissue culture dishes (Falcon) in RPMI medium 1640 supplemented with 10% FBS and allowed to grow for 48 hr in a CO 2 incubator. On the day of the experiment, the spent medium was replaced with fresh, serum-free RPMI medium 1640 and the cells were treated with 10 M MK886 for various periods of time. Cellular morphology was observed by using a Zeiss Axioskop microscope at ϫ20. Photomicrographs were taken with Kodak 200 film.
Mitochondrial Permeability Transition (MPT). Prostate cancer cells were plated on 22-mm glass coverslips and allowed to grow for 48 hr. On the day of the experiment, coverslips were placed in 6-well tissue culture plates in 1 ml of RPMI medium 1640, loaded with 5 M Rhodamine-123, and incubated for 30 min at 37°C. Then the cells were washed and treated with 10 M MK886 for 45 min at 37°C in serum-free RPMI medium 1640. At the end of the incubation periods the cells were washed, mounted on glass slides, and observed by fluorescent microscopy using a fluorescein short-pass filter set. Images were acquired by using a Zeiss Axioskop with ϫ63 Planapochromat oil-immersion objective equipped with a Sensys charge-coupled device camera (Photometrics, Tucson, AZ). Image analysis was performed by using IPLAB SPECTRUM software (Signal Analytics, Vienna, VA). The acquired images were deconvoluted by using MICROTOME software from VayTek, Inc., (Fairfield, IA) to eliminate background haze originating from out-of-focus planes.
Externalization of Phosphatidylserine. Cells were cultured for 48 hr in RPMI medium 1640 supplemented with 10% FBS. The medium was then replaced with fresh serum-free RPMI medium 1640, and the cells were treated with 10 M MK886 for various periods of time. A set of controls was run in which cells were treated with the plating medium containing solvent vehicle [0.02% dimethyl sulfoxide (DMSO)]. At the end of each incubation period the cells were washed and stained for fluorescent microscope analysis by an Apoptosis Detection Kit (R & D Systems), which is based on cell-membrane phospholipid asymmetry and annexin V binding. The assay method was supplied by the manufacturer.
Cell Death ELISA. Programmed cell death was also monitored quantitatively by determining the formation of nucleosomes associated with apoptosis-induced cleavage of internucleosomal linker DNA. Cells were cultured in 60-mm tissue culture dishes (Falcon) for 48 hr and then treated either with the experimental agents or solvent vehicles for various periods of time. At the end of each incubation period the cells were harvested and lysed, and the formation of mono-and oligonucleosomes (23, 24) was studied by Cell Death Detection ELISA following instructions supplied by the manufacturer (Boehringer Mannheim).
Radioimmunoassay of 5-HETE. Prostate cancer cells (Ϸ10 6 ) were plated overnight in 60-mm tissue culture dishes (Falcon) in serum-free RPMI medium 1640. On day 2, experimental (MK886 and͞or arachidonic acid) and control agents were added, and the plates were further incubated for various periods of time, as indicated in individual experiments, at 37°C in the CO 2 incubator. MK886 was dissolved in DMSO and further diluted with serumfree RPMI medium 1640 to achieve desired concentrations. Arachidonic acid was precomplexed with lipid-free BSA before addition to the culture. Control cells were treated with the plating medium containing 0.02% DMSO and 5 M lipid-free BSA. At the end of the incubation periods, aliquots of the culture supernatants were taken, and the amounts of 5-HETE measured by radioimmunoassay following the manufacturer's instructions (PerSeptive Biosystems, Framingham, MA).
RESULTS

Apoptosis Rapidly Follows Inhibition of 5-Lipoxygenase.
We observed that human prostate cancer cells treated with MK886, a specific inhibitor of arachidonate 5-lipoxygenase (25) , showed pronounced alteration of membrane morphology characterized by the formation of membrane blebs, which was noticed as early as 1-2 hr and culminated at 6-8 hr posttreatment (Fig. 1) . The morphological alterations were consistent with programmed cell death (apoptosis). Both hormone-responsive (LNCaP) and -nonresponsive (PC3) cells were equally affected by this inhibition. Well spread adherent cells were observed to withdraw their processes, become round, and eventually completely detach from the tissue culture plates. Similar effects were observed with MK591 (26) and AA861 (27) , other specific inhibitors of 5-lipoxygenase activity.
Prostatic epithelial cells synthesize large amounts of citrate that is then secreted into the semen. Perhaps to support citrate synthesis, prostatic epithelial cells are rich in mitochondria. For this reason, we examined the mitochondrial content of both LNCaP and PC3 cells by using Mitotracker Red (Molecular Probes) and found that both cell lines are rich in mitochondria. In some forms of apoptosis, a key element is the loss of mitochondrial membrane permeability followed by leakage of cyto- 
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Proc. Natl. Acad. Sci. USA 95 (1998) 13183 chrome C and apoptosis initiating factor into the cytosol, which in turn activates the cell-death proteases (caspases), especially caspase 3. Therefore, we next tested whether loss of mitochondrial membrane potential occurred during MK886-induced apoptosis. In these experiments, the status of mitochondrial membrane potential was assessed by using Rhodamine 123, a dye selectively retained by mitochondria in proportion to their membrane potential. The results (Fig. 2) indicate that the loss of mitochondrial membrane potential occurs between 30 min and 1 hr after MK886 addition. Thus, loss of mitochondrial membrane potential is an early, dramatic event associated with MK886-induced cell death. The phase-contrast images in Fig. 1 show that bleb formation is characteristic of MK886-induced apoptosis. Bleb formation begins 1-2 hr after drug addition, and thus follows the loss of mitochondrial membrane potential. Apoptosis-associated bleb formation is characterized by cleavage of cortical cytoskeleton followed by externalization of phosphatidylserine at the site of bleb formation. Externalization of phophatidylserine can be assessed by its high-affinity binding with annexin V. As shown in Fig. 2 , the blebs that form after addition of MK886 bind selectively to Annexin V-fluorescein isothiocyanate, confirming externalization of phosphatidylserine at those sites.
Among other parameters, degradation of DNA to nucleosomal fragments is a well characterized late event of apoptotic cell death. We studied nucleosome formation in the time frame required for the prostate cancer cells to show extensive plasma membrane blebs. Fig. 3A shows MK886-induced nucleosome formation by the androgen-responsive (LNCaP) prostate cancer cells, which began around 2 hr and peaked at 8 hr posttreatment. Similar results were observed with the hormone-resistant cell line PC3 (data not shown).
Role of Oxidative Stress in MK886-Induced Apoptosis. There are now numerous reports which suggest that oxidative stress can be a common mediator of apoptotic cell death. The antiapoptotic protein Bcl-2 was shown to prevent apoptosis by decreasing the generation of reactive oxygen species (28, 29) , and various antioxidants can substitute for Bcl-2 expression in preventing apoptosis (30, 31) . Moreover, overexpression of Bcl-2 leads to relocalization of glutathione into the nucleus (32) . Reactive oxygen intermediates (ROI), which are byproducts of mitochondrial respiration, can readily react with and damage important cellular structures, such as cell membranes. We wanted to learn whether MK886-induced prostate cancer cell death involves formation of ROI. We observed that treatment of the cells with the thiol antioxidant and glutathione precursor N-acetylcysteine (NAC) rescued these cells from MK886-induced DNA degradation, indicating a role of ROI in this process. Furthermore, NAC protected these cells from DNA degradation when it was added as late as 60-90 min post-MK886 treatment, but after that time, degradation of DNA proceeds even in the presence of NAC (Fig.  3b) . NAC does not enhance 5-HETE production in the presence of MK886. These observations suggest that generation of ROI is an obligatory early event in MK886-induced apoptosis of human prostate cancer cells that precedes DNA degradation. 
Survival Depends on the Products of Arachidonate 5-Lipoxygenase and Not Other Lipoxygenases
. Whereas MK886 appears to be a specific inhibitor of arachidonate 5-lipoxygenase, arachidonic acid is metabolized to a wide range of eicosanoids that may also have an effect on the survival of prostate cancer cells. Treatment of these cells with inhibitors of other major pathways of arachidonic acid metabolism (cyclooxygenase, cytochrome P450, or 12-lipoxygenase) did not trigger apoptosis under the experimental conditions described above (Table 1) .
To further confirm that these events result from the specific inhibition of arachidonate 5-lipoxygenase activity, we tested whether MK886-induced degradation of DNA could be prevented by exogenous addition of the metabolic products of 5-lipoxygenase. As shown in Fig. 4a , we observed that simultaneous addition of 5-oxoeicosatetraenoic acid (5-oxoETE), a product of arachidonate 5-lipoxygenase, largely prevented DNA breakdown and nucleosome formation induced by MK886. Similar results were obtained with related 5-lipoxygenase products, 5-HETE and 5-HETE lactone (Table 2) . On the other hand, leukotrienes (e.g., LTB4), which are also metabolic products of arachidonate 5-lipoxygenase, failed to protect these cells from MK886-induced apoptosis. Moreover, addition of other lipoxygenase products (12-HETE, 15-HETE, 5,12-diHETE, or 5,15-diHETE) did not protect these cells from MK886-induced apoptosis, indicating the specific requirement for eicosanoids of the 5-HETE series for the survival of human prostate cancer cells.
Autocrine Production of 5-HETE Promotes the Survival of Human Prostate Cancer Cells. If 5-HETE is an essential factor for the survival of human prostate cancer cells in culture, one would expect that these cancer cells must constitutively produce this eicosanoid. As illustrated in Fig. 4b , both LNCaP and PC3 cells exhibit constitutive production of 5-HETE under serum-free conditions. Furthermore, this constitutive production of 5-HETE is blocked by the addition of MK886. Moreover, addition of exogenous arachidonic acid results in a more than 10-fold increase in the formation of 5-HETE within 1 hr (Fig. 4c) . This increased production of 5-HETE is also effectively blocked by the addition of MK886 (not shown). These findings suggest that under serum-free conditions, synthesis of 5-HETE is limited by the availability of arachidonic acid and not by the capacity of these cells to convert arachidonic acid to 5-HETE. Thus, these prostate cancer cells are able to use both endogenous and exogenous arachidonic acid pools to produce a potent survival factor, 5-HETE, and this process is inhibited by MK886.
Androgen Will Not Rescue These Cells from Inhibition of Arachidonate 5-Lipoxygenase. In prostate cancer cells, androgen has a well characterized antiapoptotic action in addition to its ability to stimulate growth (33) (34) (35) . In LNCaP cells, although androgen withdrawal does not initiate apoptosis, addition of androgen was observed to diminish drug-induced apoptosis, apparently at least in part through expression of antiapoptotic proteins such as Bcl-2 (34) . With this background in mind, we examined whether MK886-induced cell death is prevented by androgen. R1881, a synthetic androgen-receptor agonist, did not protect these cells from MK886-induced apoptosis when used at concentrations of 1-5 nM, sufficient to double their growth in vitro (data not shown).
DISCUSSION
We have established that under serum-free conditions (i) human prostate cancer cells constitutively produce 5-HETE, which is dramatically increased by exogenous addition of arachidonic acid, (ii) inhibition of 5-lipoxygenase activity by MK886 blocks 5-HETE production and induces massive apoptosis in both hormone-responsive and -nonresponsive human prostate cancer cells, and (iii) exogenous addition of 5-HETE and its derivatives protects these cells from apoptotic cell death induced by MK886. Previously, we have shown that arachidonic acid stimulates the proliferation of both PC3 and LNCaP cell lines, that this stimulation results in the formation of 5-HETE, and that MK886 addition inhibits both 5-HETE formation and cell proliferation Cells were plated as described in Fig. 3a and treated with various inhibitors (MK886 for 5-lipoxygenase, SKF-525A for cytochrome P450, ibuprofen for cyclooxygenase, and baicalein for 12-lipoxygenase) in serum-free medium for 6 hr. At the end of the incubation period, cells were harvested and washed, and the formation of nucleosomes was measured by ELISA. Results are shown as the mean of the amount of DNA degraded to nucleosomes (n ϭ 4).
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Proc. Natl. Acad. Sci. USA 95 (1998) 13185 (10). Moreover, we have shown that the addition of 5-HETE or other 5-HETE derivatives (e.g., 5-HETE lactone, 5-oxoETE, etc.) is sufficient to support proliferation of these cells in the absence of serum stimulation and can reverse the growth-inhibitory effects of MK886 (10). This addition establishes the presence of an autocrine loop involving formation of 5-HETE as the mechanism by which arachidonic acid regulates the growth and survival of human prostate cancer cells. Furthermore, under serumfree conditions, formation of this survival factor is dramatically enhanced by exogenous arachidonic acid. Thus, in addition to mitogenic effects, the metabolic products of 5-lipoxygenase play an important survival role in human prostate cancer cells. This is of note because serum starvation does not induce apoptosis in LNCaP cells and does so in PC3 cells only after 4 days, consistent with autocrine production of a ''survival factor.'' We have demonstrated that both of these cell lines produce 5-HETE even under serum-free conditions. Furthermore, 5-HETE and its derivatives act as potent survival factors: concentrations as low as 50 nM can protect against cell death triggered by the addition of MK886. Androgen, a well described and potent survival factor for prostate cancer cells, did not prevent MK886-induced cell death. In contrast, 5-HETE is able to support the survival and growth of the hormoneresponsive cell line, LNCaP, in the absence of androgen stimulation. One of the central puzzles of prostate-cancer biology is how these tumor cells survive androgen withdrawal and eventually develop resistance to standard hormonal therapy. The properties of 5-HETE make it a factor potentially capable of promoting survival of prostate cancer cells following androgen withdrawal and supporting tumor growth in the absence of androgen.
The mechanism by which 5-lipoxygenase metabolites control the survival of prostate cancer cells is an intriguing problem. Recently, a number of reports suggested MPT and release of cytochrome C and apoptosis initiating factor are the critical molecular events for the initiation of apoptotic cascade (36) . Cytochrome C and apoptosis initiating factor then cooperate to activate a cascade of caspases involved in the final execution phase of apoptosis. In prostate cancer cells, we observed that MPT is an early event (occurring within 1 hr) in MK886-induced apoptosis, indicating that MPT is an integral event in prostate cancer cell death induced by 5-lipoxygenase inhibition. Moreover, the speed and uniformity with which all of the tumor cells undergo MPT make this one of the most dramatic examples of mitochondrial apoptosis yet described.
Recentobservationshavelinkedphosphorylationoftheproapoptotic protein BAD (Bcl-2 Associated Death promoter) to the regulation of MPT by Bcl-2 and related proteins (37) (38) (39) . BAD is a direct substrate of PKB͞cAKT, which is regulated by phosphoinositide 3-kinase. In a separate set of experiments, we observed that 5-oxoETE fails to prevent MK886-induced apoptosis in prostate cancer cells in the presence of wortmannin, a specific inhibitor of phosphoinositide 3-kinase (unpublished observation), suggesting involvement of phosphoinositide 3-kinasemediated signaling as a downstream event in the prevention of apoptosis by 5-lipoxygenase metabolites. Moreover, direct stimulation of phosphoinositide 3-kinase activity by 5-oxoETE has been recently reported in other cell types (40) .
These findings represent an insight into events regulating apoptosis in human prostate cancer cells. Although various eicosanoids have been implicated in the regulation of cell proliferation and cell death in other cell types, this report substantiates that eicosanoids of the 5-HETE series act as critical survival factors for human prostate cancer cells. This antiapoptotic action is quite dramatic in that once the synthesis of this eicosanoid is blocked, onset of massive apoptosis is apparent within 30-60 min. These cell cultures are not synchronized, and both LNCaP and PC3 cell lines have cell-cycle times of 24 hr or longer. However, after 5-HETE synthesis is blocked, essentially all of the cells, in both cell lines, enter apoptosis within 1 hr and die within 8 hr. This cell death indicates that 5-lipoxygenase inhibition-initiated apo- (10 6 ) were plated in serum-free RPMI medium 1640 in 60-mm tissue culture dishes and incubated for 24 hr. Then the cells were treated with 10 M MK886 or the solvent vehicle (0.02% DMSO) and incubated at 37°C for 2 hr. At the end of the incubation period, aliquots of culture supernatants were taken, and the production of 5-HETE was measured by radioimmunoassay. Each data point represents the mean Ϯ standard error (n ϭ 4). (c) Stimulation of 5-HETE production in LNCaP cells by arachidonic acid. Cells were plated as described in b and treated with 10 M arachidonic acid precomplexed with lipid-free BSA for various periods of time. Production of 5-HETE was measured by radioimmunoassay using aliquots of culture supernatant. Data is presented as the mean Ϯ standard error (n ϭ 4). LNCaP prostate cancer cells were plated in 60-mm plates as described in Fig. 3A and treated with 10 M MK886 with or without the addition of various lipoxygenase products (500 nM). The plates were incubated for 4 hr at 37°C in a CO2 incubator. Control cells were treated with serum-free RPMI medium 1640 containing 0.02% DMSO only. At the end of each incubation period, cells were harvested and lysed, and the formation of nucleosomes was measured by ELISA. Results are reported as the mean of the amount of DNA degraded to nucleosomal fragments (n ϭ 4). ptosis in human prostate cancer cells is largely independent of cell-cycle progression.
Although 5-HETE eicosanoids thus appear to play an important role in the regulation of cell death in these prostate-cancer cell lines, there are a number of observations that suggest this is not a general phenomenon. Mice in which the 5-lipoxygenase gene has been knocked out mature normally and are fertile (41, 42) . The most notable aspect of the phenotype is that these knockout mice are resistant to shock induced by platelet activating factor (43) . Moreover, the knockout mice showed substantially reduced collagen-induced arthritis (44) . Additionally, drugs that inhibit 5-lipoxygenase have been extensively studied as treatments for asthma and appear to be well tolerated in both man and a range of experimental animals (45) . Finally, we have found that the hormone-independent breast cancer cell line, MDA-MB-231, is completely refractory to MK886 (data not shown). These results suggest that agents inhibiting the formation and function of 5-HETE eicosanoids may make attractive new tools for the treatment of prostate cancer.
In conclusion, our experimental observations indicate that the production of 5-HETE is a critical requirement for the survival of both hormone-responsive and -nonresponsive human prostate cancer cells. Furthermore, the ability of arachidonic acid to stimulate proliferation of these cells appears also to depend on its metabolic conversion to 5-HETE. Finally, our findings provide a molecular mechanism by which high intake of dietary fat may foster the progression of prostate cancer by supporting the production of 5-HETE eicosanoids (Fig. 5) .
